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The Rac-specific GEF (guanine-nucleotide exchange factor)
Tiam1 (T-lymphoma invasion and metastasis 1) regulates migra-
tion, cell-matrix and cell-cell adhesion by modulating the actin
cytoskeleton through the GTPase, Racl. Using yeast two-hybrid
screening and biochemical assays, we found that Tiam1 inter-
acts with the p21-Arc [Arp (actin-related protein) complex] sub-
unit of the Arp2/3 complex. Association occurred through the
N-terminal pleckstrin homology domain and the adjacent coiled-
coil region of Tiaml. As a result, Tiam1 co-localizes with the
Arp2/3 complex at sites of actin polymerization, such as epithelial
cell—cell contacts and membrane ruffles. Deletion of the p21-Arc-
binding domain in Tiam1 impairs its subcellular localization and
capacity to activate Racl, suggesting that binding to the Arp2/3
complex is important for the function of Tiam1. Indeed, blocking
Arp2/3 activation with a WASP (Wiskott—Aldrich syndrome
protein) inhibitor leads to subcellular relocalization of Tiam1 and

decreased Rac activation. Conversely, functionally active Tiaml,
but not a GEF-deficient mutant, promotes activation of the Arp2/3
complex and its association with cytoskeletal components, indi-
cating that Tiaml and Arp2/3 are mutually dependent for their
correct localization and signalling. Our data suggests a model in
which the Arp2/3 complex acts as a scaffold to localize Tiaml,
and thereby Rac activity, which are both required for activation of
the Arp2/3 complex and further Arp2/3 recruitment. This ‘self-
amplifying’ signalling module involving Tiaml, Rac and the
Arp2/3 complex could thus drive actin polymerization at specific
sites in cells that are required for dynamic morphological changes.

Key words: actin, Arp2/3 complex, Wiskott—Aldrich syndrome
protein (WASP), p21-Arc, Racl, T-lymphoma invasion and
metastasis 1 (Tiaml).

INTRODUCTION

The Rho-like GTPases, Racl and Cdc42 (cell division cycle 42),
are involved in migration and adhesion by modulating the actin
cytoskeleton of cells [1]. In order to accomplish this, these
GTPases must be activated by GEFs (guanine-nucleotide ex-
change factors) such as Dbl, Tiam1 (T-lymphoma invasion and
metastasis 1) or 8-Pix [2—4]. Consequently, Cdc42 and Racl can
stimulate actin polymerization mediated by the Arp2/3 complex,
resulting in the formation of filopodia or lamellipodia respect-
ively [5-8].

The Arp2/3 complex consists of seven proteins, Arp2 (actin-
related protein 2) and Arp3, and the Arc (Arp complex) proteins,
p41-Arc, p34-Arc, p21-Arc, p20-Arc and pl6-Arc [9]. The
Arp2/3 complex forms an actin nucleation site enabling the de
novo polymerization of actin filaments. In order to induce actin
polymerization, the Arp2/3 complex has to be activated by WASP
(Wiskott—Aldrich syndrome protein) family members such as
WASP, neural-WASP and WAVE (WASP-family verprolin homo-
logous protein)1-3 or by PAKs (p21-activated kinases) [7,10-
14]. Activated Cdc42 can bind and activate WASP via its effector
loop [14], whereas Rac can activate WAVE by binding to PIR121
(p53-inducible mRNA with an M, of 140000), resulting in the

dissociation of WAVE from its trans-inhibitory binding partners
NAPI125 (Nck-associated protein with an M, of 125000) and
PIR121 [15]. In addition, WAVE has been shown to bind to Rac1
via IRSp53 (insulin receptor substrate p53), forming a trimeric
protein complex [16].

The Rac-specific GEF, Tiaml [4,17], controls E-cadherin-
mediated cell-cell adhesion and cell migration by regulating the
actin cytoskeleton [18-20]. Like all GEFs for Rho-like GTPases,
Tiam1 contains a DH (Dbl homology) domain flanked at its C-
terminus by a PH (pleckstrin homology) domain. In contrast with
most GEFs, Tiam1 harbours an additional PH domain in the N-
terminal part of the protein, PHn (N-terminal PH domain) with
an adjacent CC (coiled-coil) and an Ex (extended) region. Both
the PHn and CC domains are involved in the membrane/cortical
actin targeting of Tiam1 [21,22]. In order to identify proteins
that associate with Tiam1 and regulate its activity or intracellular
localization, we performed a yeast two-hybrid screen using the
PHn-CC-Ex domain of Tiam1 as bait. In the present study, we
show that Tiam1 binds to the p21-Arc subunit of the Arp2/3 com-
plex via its PHn-CC domain and co-localizes with the Arp2/3
complex at sites enriched in cortical actin. Our data suggest that
the association of Tiam1 with the Arp2/3 complex promotes the
local activation of Rac, which is required for the subsequent
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activation of Arp2/3 complex proteins leading to actin filament
assembly.

EXPERIMENTAL PROCEDURES

Eukaryotic expression constructs and cell lines

HA (haemagglutinin)-tagged C1199-Tiaml, APHn3-Tiaml,
ADH-Tiam1 and C580-Tiam1 have been described previously
[22]. For generation of Myc-epitope-tagged mouse p21-Arc,
a Pstl(blunt)/Kpnl fragment containing the Myc epitope from
pMT2SM-myc was cloned into the HindIII(blunt)/Kpnl sites
of pCDNA3 (Invitrogen Corp., Carlsbad, CA, U.S.A.) to yield
pCDNA3-myc. An EcoRI fragment containing mouse p21-Arc
from the yeast expression vector pGAD10 (Clontech Labor-
atories, Palo Alto, CA, U.S.A.) was cloned into the EcoRI site of
pCDNA3-myc to yield pPCDNA3-myc-p21-Arc. NIH3T3, MDCK
(Madin—Darby canine kidney cells)-f3 and MDCKII cells stably
expressing C1199-Tiam1 using a retroviral transduction protocol
have been described in [18,23]. All cell lines were cultured in
Iscove’s modified Dulbecco’s medium (Gibco) containing 10 %
foetal calf serum (Bodinco, Alkmaar, The Netherlands).

Yeast plasmids

PHn-CC-Ex and the deletion mutants PHn-CC-ExAPHnN3 (de-
letion of amino acids 420-552), PHn-CC-ExAPHn1 (deletion of
amino acids 513-552), PHn-CC-Ex ACC (deletion of amino acids
554-587), PHn-CC-ExAEx (deletion of amino acids 599-691)
were cloned as Sall/Notl fragments originating from the corres-
ponding deletion mutants made in C1199-Tiam1 [21] into the
Sall/Notl sites of pMD4, containing the GAL4-DNA binding
domain and a tyrosinase related protein-1 marker (a gift from
M. van Dijk and L. van‘t Veer, Division of Pathology, The
Netherlands Cancer Institute, Amsterdam, The Netherlands). FL
(full-length)-Tiam1 and C580-Tiam1 were cloned as Sall/Spel
fragments into the Sall/Spel sites of pMD4. To generate pMD4-
Ex, a Pvull/NotI fragment from Tiam1, containing amino acids
588-853, was shuttled into the Smal site of a modified pMD4
(containing an additional nucleotide in the polylinker) vector.

Yeast two-hybrid screen

Yeast strain, Y190, containing the ‘bait’ plasmid pMD4-PHn-
CC-Ex, encoding the GAL4-DNA binding domain fused with the
PHn-CC-Ex region of Tiaml, was transformed with 17-day-old
mouse embryo library cDNA, and cloned into pPGAD10 (contain-
ing the GAL4-transactivation domain; Clontech Laboratories), by
the lithium acetate method. Transformants (4 x 10°) were selected
for growth on plates lacking histidine, tryptophan and leucine,
supplemented with 30 mM 3AT (3-aminotriazole). Colonies
obtained were subsequently analysed for 8-galactosidase activity.
cDNA library plasmids derived from positive yeast colonies were
tested for bait specificity by retransformation with pMD4-PHn-
CC-Ex, pMD4 containing deletion mutants of PHn-CC-Ex, and
pMD4 without an insert. Similarly, 4 x 10° transformants that
were obtained using a human Jurkat cDNA library (a gift from
L. van Aelst, Department of Human Genetics, Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY, U.S.A.) were screened for
interaction with pMD4-PHn-CC-Ex.

Biochemical fractionation

Fractionation of cellular components was performed as described
previously [24]. Briefly, 5 x 10° cells were cultured for 24 h and
then washed twice with ice-cold PBS containing 0.5 mM MgCl,
and 1 mM CaCl,. Cells were lysed on ice in 500 ul of lysis buffer
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(PBS/0.1 % Triton X-100, 10% glycerol, 1 pg/ml leupeptin,
1 ;1g/ml pepstatin and 1 pg/ml aprotinin). The detergent-soluble
fraction was recovered and the dish was washed twice with 1 ml
of lysis buffer. The remaining detergent-insoluble fraction was
collected in 500 ul of Laemmli sample buffer.

Affinity chromatography

A GST (glutathione S-transferase)-tagged bacterial expression
construct for mouse p21-Arc was generated by cloning an EcoRI
fragment from pGAD10-p21-Arc into the EcoRI site of pGEX1
(Pharmacia Biotech, Piscataway, NJ, U.S.A.). Bacterial protein
was produced as described [23]. For preparation of affinity
columns, glutathione-coupled Sepharose 4B beads (Pharmacia
Biotech) were loaded with GST—p21-Arc to yield a column
harbouring 2.5-3 mg/ml protein. Typically, columns of 150-
200 pl were equilibrated with several volumes of loading buffer
[S0 mM Tris/HC1 (pH 7.5), 100 mM NaCl, 1% Triton X-100,
10 mM NaF, 5 mM EDTA, 0.1 mM NaVO;, 1 pg/ml leupeptin,
1 pg/ml pepstatin and 1 pg/ml aprotinin]. COS-7 cell lysates
(prepared in loading buffer) with Tiam1 mutants (Cys''*-HA,
C580-HA and C1199-APHn3HA) were each loaded three times
on to the column. Loaded columns were washed with at least
3 vol. of loading buffer, and then subsequently eluted with
2 vol. of loading buffer containing 250 mM, 400 mM or 1000 mM
NaCl. Aliquots of the load and the eluates were analysed for
Tiam1 proteins by Western blotting using an antibody against the
HA-epitope tag.

GTPase activity assay

Rac activity was assayed as described previously [25]. Briefly,
cells were lysed with a lysis buffer containing 2 ug/ml PAK-
derived biotinylated CRIB (Cdc42/Rac interacting binding)
peptide. Lysates were cleared by centrifugation, and active Rac—
CRIB complexes were precipitated with streptavidin-coated beads
(Sigma). After washing, Rac was solubilized in Laemmli sample
buffer and detected on Western blots with anti-Rac antibodies
(clone 23A8; Upstate Biotechnology, Inc.).

Immunofluorescence

Cells grown on glass coverslips were processed as described pre-
viously [4]. Briefly, cells were permeabilized with 0.5 % (w/v)
Triton X-100. C1199-Tiam1 was stained with an anti-DH anti-
body [4] or a monoclonal antibody against the HA-tag (12CAS;
Boehringer Mannheim Corp., Indianapolis, IN, U.S.A.). Anti-
bodies against Arp3 and p34-Arc have been described [26].
F-actin was stained with rhodamine-labelled phalloidin (Mol-
ecular Probes).

RESULTS
Tiam1 interacts with p21-Arc of the Arp2/3 complex

In order to identify proteins that interact with Tiam1 we performed
a yeast two-hybrid screen. As bait we used a region of Tiam-1
that included the PHn domain, the adjacent CC domain and the
EX region (PHn-CC-Ex; see Figures 1A and 1B) and screened
a 17-day-old mouse embryo cDNA library. Three independently
isolated clones encoding overlapping sequences were obtained.
Sequence analysis identified these clones as murine p21-Arc,
which showed 98 % amino acid sequence identity with a clone
found in a similar screen using a human Jurkat T-lymphoma
library. Similar to the PHn-CC-Ex region, FL-Tiaml and the
C1199 mutant of Tiam1 (Figure 1B), a truncated Tiam1 version
that harbours the PHn-CC-Ex region also binds to p21-Arc in
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Figure 1 Tiam1 interacts with p21-Arc through the PHn domain and the
adjacent GC region of Tiam1

(A) Growth and B-galactosidase expression on 3AT/Trp~/Leu~/His~ plates, in yeast trans-
formed with the plasmid encoding p21-Arc, together with plasmids encoding the PHn-CC-Ex
region of Tiam1, FLTiam1 or C580-Tiam1. (B) Comparison of Tiam1 domain organization and
yeast two-hybrid results. 4, An interaction with p21-Arc in the yeast two-hybrid assay, as
measured by growth on 3AT/Trp~/Leu~/His~ plates and B-galactosidase expression. —, No
interaction in the yeast two-hybrid assay. M, myristoylation site; P, PEST (amino acid sequence
enriched in proline, glutamic acid, serine and threoning) domain; DHR, discs large homology
region; PHc, C-terminal PH domain [22]. PH domains from human Dbl and human B-Ark
were used. (C) Crude cell lysates prepared from COS-7 cells (see input) expressing HA-tagged
(1199- or G580-Tiam1 were passed over affinity chromatography columns containing bacterially
expressed GST—p21-Arc. C1199-Tiam1, but not C580-Tiam1 is specifically retained on the
column and is eluted at between 250 and 400 mM NaCl. Tiam1 proteins were detected using
the anti-12CA>5 antibody against the HA-tag. (D) The PHn-CC-Ex domain of Tiam1 is sufficient
for Arp 3 binding. Purified GST and GST-PHn-CC-Ex were used for pull-down assays in COS-7
cell lysates, and Arp3-binding was determined by Western blot analysis.

the yeast two-hybrid assay (Figures 1A and 1B). By contrast,
C580-Tiam1, a mutant that consists of the DH domain and the
adjacent C-terminal PH domain but lacks the PHn-CC-Ex region,
did not associate with p21-Arc. From these data we conclude that
Tiam1 binds to the p21-Arc subunit of the Arp2/3 complex via its
PHn-CC-Ex domain.

Further analysis of various Tiam1 mutants showed that com-
plete or partial deletion of either the PHn domain (PHn3-CC-
Ex and PHn1-CC-Ex respectively) or the adjacent CC domain
(PHn-ACC-Ex) abolished the interaction with p21-Arc, whereas
a deletion in the Ex region (PHn-CC-AEx) did not (Figure 1B).
These data indicate that the PHn domain and the adjacent CC
region of Tiam1 are required for the interaction with p21-Arc. In
addition, mutants in which the PHn domain of Tiam1 was replaced

with the PH domain of either 8-Ark, Dbl or by the C-terminal
PH domain of Tiaml, were no longer able to bind to p21-Arc
(Figure 1B). This indicates that the binding of p21-Arc is restricted
to the unique N-terminal PH domain of Tiam1.

We subsequently attempted to co-immunoprecipitate Tiam1 in
association with the Arp2/3 complex using antibodies specific
for Tiam1, Arp2, Arp3 and p34-Arc. However, these studies were
unsuccessful because the complex between Tiam1 and Arp2/3 was
found to be present in the actin cytoskeleton fraction (see below),
which does not allow demonstration of protein association by
immunoprecipitation. Therefore we investigated the interaction
between p21-Arc and Tiam1 by an alternative biochemical assay
using affinity chromatography. For this, various Tiam1 mutant
proteins (C1199-Tiaml and C580-Tiaml) were expressed in
COS-7 cells and the respective lysates were passed over an affinity
chromatography column containing GST—p21-Arc. Consistent
with the yeast two-hybrid data, only the C1199-Tiam1 protein that
contains an intact PHn-CC-Ex domain was specifically retained
on the p21-Arc affinity column, whereas the C580-Tiam1 mutant
did not (Figure 1C). C1199-Tiam1 was eventually eluted at be-
tween 250 and 400 mM NaCl. None of the Tiam1 proteins showed
interaction with a control column of immobilized GST protein
alone (results not shown). These data indicate that Tiam1 can inter-
act with p21-Arc. However, p21-Arc is normally part of the Arp2/3
complex, suggesting that Tiam1 interacts with the entire complex.
Therefore we performed pull-down assays using purified
GST-PHn-CC-Ex from bacteria in COS-7-derived cell lysates.
Indeed, the PHn-CC-Ex domain of Tiaml interacts with Arp3
(Figure 1D), indicating that Tiam1 interacts not only with p21-Arc
but with the entire Arp2/3 complex. These results are consistent
with the binding data obtained from yeast and demonstrate that
Tiaml interacts with the p21-Arc subunit of the Arp2/3 complex
through its PHn domain and the adjacent CC region.

Tiam1 co-localizes with Arp2/3 at sites of actin polymerization

To further substantiate the possibility of an interaction between
Tiam1 and p21-Arc, we analysed the subcellular localization of
both proteins immunocytochemically. Since endogenous Tiam1
is very difficult to visualize, MDCK-f3 cells were transfected
with Tiam1 [18] and subsequently immunostained for exogenous
Tiam1 and for endogenous p34-Arc and actin. As shown in Fig-
ure 2(A), Tiam1 co-localizes with the Arp2/3 complex in F-actin-
rich structures at cell—cell contacts. Similar experiments per-
formed using NIH3T3 fibroblasts showed that exogenous Tiam1
co-localized with endogenous p34-Arc in actin-rich membrane
ruffles (Figure 2B). These localization data are consistent with
the yeast-two hybrid and biochemical data, and strongly suggest
that Tiaml also associates with the Arp2/3 complex in cells
in vivo.

Specific intracellular localization of Tiam1 is promoted by the
Arp2/3 complex

In order to study the functional consequences of the interaction
between Tiam1 and the Arp2/3 complex we generated a mutant of
Tiam1 with a deletion in the PHn domain (APHn3-Tiam1) or with
a mutation in the CC region adjacent to the PHn domain (ACC-
Tiam1). Of note, these mutants can no longer interact with p21-
Arc in the yeast-two hybrid screen (Figure 1B) or in biochemical
assays (results not shown). Ectopic expression of Tiam1, APHn3-
Tiam1 or ACC-Tiam1 in MDCKII cells revealed that both the
PHn and the CC domain are necessary for the localization of
Tiam1 to actin-rich regions at the plasma membrane, in particular
at cell—cell contacts (Figure 3A). Interestingly, the PHn domain
has been shown to bind polyphosphorylated inositol lipids [27],
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Figure 2 Tiam1 co-localizes with Arp2/3 in actin-rich regions in cells

(A) Tiam1 co-localizes with the Arp2/3 complex in adherens junctions of MDCK-f3 cells.
Tiam1-expressing MDCK-13 cells were immunostained for both Tiam1 and p34-Arc. Tiam1 and
actin are shown in red, endogenous p34-Arc in green and co-localization in yellow. Scale bar,
10 um. (B) Co-localization of Tiam1 with the endogenous Arp2/3 complex in membrane ruffles.
NIH3T3 cells expressing HA-tagged Tiam1. Tiam1 is shown in green and endogenous p34-Arc
inred and co-localization in yellow. Scale bar, 10 m. Arrows indicate co-localization of Tiam1
with p34-Arc in membrane ruffles.

suggesting that the observed plasma-membrane localization might
also be due to lipid binding. However, the ACC-Tiam1 mutant
has an intact PHn domain but can no longer be found at the cell—-
cell junctions, suggesting that the localization of Tiam1 to these
actin-rich structures is mainly due to the PHn—p21Arc interaction
and not a PHn-lipid interaction.

When analysing Rac activity in these cells by performing pull-
down assays with the CRIB domain of PAK1 [25], we found that
the highly expressed APHn3-Tiam1 mutant is unable to activate
Racl in cells, whereas Tiam1 is able to do so (Figure 3B). These
data suggest that the specific localization of Tiam1 to actin-rich
structures at the plasma membrane through association with
the Arp2/3 complex promotes the activation of Rac. To further
support this notion, MDCK-f3 cells that expressed FL-Tiaml
were treated with the cell-permeable WASP inhibitor, wiskostatin
[28]. This inhibitor blocks the interaction between WASP and
Cdc42, thereby preventing the activation of WASP and, as a
consequence, the Arp2/3 complex. Inactivation of Arp2/3 by the
WASP inhibitor resulted in the release of the Arp2/3 complex from
adherens junctions (Figure 3C, left panels). Moreover, Tiam1
also dissociated from the adherens junctions and accumulated in
the cytoplasma after the inhibition of WASP (Figure 3C, right
panels). These data suggest that Tiam1 is dependent on the activ-
ated Arp2/3 complex for localization to regions where actin poly-
merization occurs. Consistent with these conclusions are the
findings that Rac activation is inhibited in MDCK-f3 cells, and
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Figure 3 Localization of Tiam1 in cell-cell junctions is dependent on the
Arp2/3 complex

(R) The N-terminal PH domain and the CC region of Tiam1 are essential for targeting Tiam1
to actin-rich structures at cell—cell contacts. MDCKII cells were transfected with either Tiam1,
APHn3-Tiam1 or ACC-Tiam1. Cells were immunostained for Tiam1 (green) and F-actin (red).
Co-localization is shown in yellow. Scale bar, 5 .m. Note that APHn3-Tiam1 does not localize
at adherens junctions. WT, wild-type. (B) Tiam1-induced Rac1 activation is dependent on its
p21-Arc binding domain. Rac1-activity was determined in MDCKII cells expressing HA-tagged
Tiam1 or APHn3-Tiam1 by precipitating active Rac1 with a biotinylated-PAK-CRIB peptide. The
PAK-CRIB bound Rac1 was detected by Western blotting using an anti-Rac1 antibody (clone
23A8; Upstate Biotechnology, Inc.). Total cell lysates were stained with an anti-Rac antibody
to determine the level of Rac1 in cells. The expression of Tiam1 mutants was determined by
Western blot analysis using an anti-HA antibody. Rac1-activity was quantified relative to empty
vector (E.V.) transfected cells (bar diagram). The experiment shown here is a representative
example from three independent experiments. (C) The WASP inhibitor, wiskostatin, inhibits
both Arp2/3 and Tiam1 localization in cell—cell junctions. MDCK-f3 cells expressing FL-Tiam1
were treated with wiskostatin for 1h (15 em). Control and treated cells were subsequently
immunostained with anti-HA and anti-Arp3 antibodies. Arp3 is shown in green and Tiam1 in
red. Scale bar, 10 «m. (D) Tiam1-induced Rac1 activation is dependent on the Arp2/3 complex.
MDCK-f3 cells expressing HA-tagged FL-Tiam1 were treated either with DMSO or wiskostatin
(WIS; 15 em) for 1 h. Subsequently, Rac1 activity was determined by precipitating active Rac
with the biotinylated-PAK-CRIB peptide. The PAK-CRIB bound Rac1 was detected by Western
blotting using an anti-Rac1 antibody. Total cell lysates were stained with an anti-Rac1 antibody
to determine the level of Rac1 in cells. The expression of Tiam1 was determined by Western
blotting using an anti-HA antibody. Rac1 level was quantified relative to E.V. transfected cells
(bar diagram). Values (arbitrary units) are the means + S.E.M for three different experiments.

MDCK-{3 cells that express FL-Tiaml1, by treatment of these
cells with wiskostatin (Figure 3D). Together, these data suggest
that the ability of Tiaml to activate Rac is stimulated by the
localization and activity of the Arp2/3 complex.
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Figure 4 Tiam1 signalling recruits the Arp2/3 complex to the cytoskeletal
fraction

(A) Tiam1 promotes Arp2/3 localization to the actin cytoskeleton fraction. MDCKII cells
expressing either empty vector (E.V.) or HA-tagged Tiam1, APHn3-Tiam1 or ADH-Tiam1
were fractionated in a Triton X-100 soluble (S fraction) and insoluble actin cytoskeleton fraction
(I'fraction). Fractions were either stained for Arp3 or p42 MAPK. The bar diagrams indicate the
ratio of Arp3 or p42 MAPK of the insoluble (1) over the soluble (S) fraction. Total cell lysates
were stained with an anti-HA antibody to detect the different Tiam1 mutants. Arp3 and p42 MAPK
levels were quantified relative to E.V. transfected cells (bar diagram). Values (arbitrary units) are
the means + S.E.M for three different experiments. WB, Western blot; WT, wild-type. (B) Tiam1
promotes Arp2/3 localization to cell—cell junctions. MDCKII cells transfected with E.V. or
(1199-Tiam1 were immunostained for exogenous Tiam1 (green) and endogenous Arp3 (red).
Scale bar, 10 um.

Activated Arp2/3 complex translocates to the cytoskeleton fraction

The Rac effectors, WAVE and PAK, can induce actin polymer-
ization by activating the Arp2/3 complex [11,13]. The targeting of
Tiam1 to the Arp2/3 complex might thus provide a mechanism by
which to activate the complex via the Racl-WAVE or Racl—
PAK pathway. To support this hypothesis we determined the
distribution of the Arp2/3 complex in a membrane/cytosol (S) and
an actin cytoskeleton (I) fraction in MDCKII cells that express
the various Tiam1 mutants, APHn3 or ADH. The latter mutant
contains a deletion in the DH domain, thereby blocking the ability
of Tiam1 to activate Rac. In control MDCKII cells, most of the
Arp2/3 complex was equally distributed between the membrane/
cytosol fraction and the cytoskeleton fraction, as visualized by the
detection of Arp3 (Figure 4A) and p34-Arc (results not shown).
However, upon ectopic expression of Tiam1, most of the Arp2/3
complex re-localized to the cytoskeleton fraction (Figure 4A),
where it is thought to play a role in actin filament assembly. The
re-localization of Arp2/3 was not induced by the expression of
APHn3-Tiam1 or ADH-Tiam1 (Figure 4A). Both mutants are
unable to activate Racl either by dislocation or mutation of the
catalytic domain respectively, suggesting that the ability of Tiam1
to localize the Arp2/3 complex to the actin cytoskeleton fraction
is dependent on its capacity to activate Rac. As a control we

determined the distribution of the p42 MAPK (mitogen-activated
protein kinase), which was not affected by the expression of the
various Tiam1 mutants (Figure 4A). Similar results for the re-
distribution of Arp2/3 to the cytoskeleton fraction under the con-
trol of Tiam1 were obtained in NIH3T3 cells (results not shown).
Confocal imaging of MDCKII cells expressing either empty
vector or Tiam1 further indicated that the localization of Arp2/3
to adherens junctions was promoted by the expression of Tiam1
(Figure 4B).

Together, these data suggest that the initial association of Tiam1
with the Arp2/3 complex can activate Racl and can thereby
activate the Arp2/3 complex and/or recruit additional Arp2/3
complexes for increased actin polymerization. Tiam1 and the
Arp2/3 complex may thus collaborate in a positive-feedback loop
to induce rapid and abundant actin polymerization at specific sites
in cells.

DISCUSSION

Rho proteins, which include Cdc42, Rac and RhoA, control a
wide range of signalling pathways that regulate various biological
processes, including the reorganization of the actin cytoskeleton
in response to receptor stimulation. Cell-surface receptors use
different GEFs to activate specific Rho GTPases, and more than
60 Rho GEFs have been identified within the mammalian genome
[29]. GEFs not only activate Rho GTPases, but also participate
in signalling to downstream effectors by either binding to these
effectors directly or to scaffold proteins that can form complexes
with components of the effector pathways [30-32]. Using yeast
two-hybrid screening and biochemical assays, we found that the
Rac-specific GEF, Tiaml1, associates with p21-Arc, a subunit of
the Arp2/3 complex. The Arp2/3 complex forms actin nucleation
sites enabling the de novo polymerization of actin filaments in
response to extracellular stimuli, suggesting that Tiam1 can target
activated Rac to effector pathways involving Arp2/3-mediated
actin polymerization.

Both the Arp2/3 complex and Rho proteins regulate the re-
organization of the actin cytoskeleton, which is required for
morphological changes and migration. In particular, Rac regulates
the formation of membrane protrusions at the leading edge of
cells, which control forward movement. Both Tiaml and the
Arp2/3 complex have been shown to play a role in the formation
of cell—cell adhesions, membrane protrusions and lamellipodia
[4,18,33]. The intriguing finding that Tiam1 associates with
a component (p21-Arc) of the Arp2/3 complex, suggests that
Tiam1 acts in complex with Arp2/3 to stimulate Rac and thereby
the Arp2/3 complex leading to actin polymerization. This hypo-
thesis is supported by the findings that Tiam1 co-localizes with the
Arp2/3 complex at sites of actin polymerization such as membrane
ruffles and cell—cell contacts, as well as that Tiam1 and Arp2/3
are mutually dependent for correct subcellular localization and
signalling.

Prior to the formation of Rac-dependent lamellipodia, migrat-
ing cells have to form small membrane protrusions known as
filopodia, which is regulated by Cdc42 [34]. The Cdc42-mediated
formation of filopodia is dependent on WASP-mediated activation
of the Arp2/3 complex [6], which may thus form the first pool of
Arp2/3 present at cell protrusions. This initial pool of Arp2/3
complex proteins might subsequently act as the initial docking
sites for Tiam1 to promote Rac-dependent lamellipodia formation.
Once Tiam1 is recruited to the Arp2/3 complex, it can locally
activate Rac1 and recruit new Arp2/3 complexes, thereby inducing
further actin nucleation and branching. Tiam1 might thus be one
of the Rac GEFs that is involved in the evolution of filopodia
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Figure 5 Tiam1 regulates Rac-mediated Arp2/3-controlled actin poly-
merization

The localization of Tiam1 to actin-rich structures at the plasma membrane could be accomplished
by association of Tiam1 through the PHn-CC domain with the p21-Arc subunit of the Arp2/3
complex (1). Tiam1 activates Rac (2) that influences the actin nucleation activity of Arp2/3 by
activating either WAVE or PAK1[11,15](3,4). Asaresult, the activated Arp2/3 complex associates
with the actin cytoskeleton and induces actin polymerization (5). In this way Tiam1 and the
Arp2/3 complex may collaborate in a positive-feedback loop to induce rapid and abundant actin
polymerization at specific sites in cells.

into lamellipodia and thereby forms a link between Cdc42- and
Rac-mediated actin filament assembly.

Similar to the relationship between filopodia and lamellipodia,
initial cell—cell adhesions involve the formation of primordial
cell—cell contacts that mature into more rigid adhesion structures
that are dependent on the activity of Racl [35]. Mature cell-
cell adhesions are predominantly formed by the transmembrane
protein, E-cadherin, which forms homophilic interactions be-
tween neighbouring epithelial cells [36]. In order to form stable
contacts, E-cadherins must associate with the actin cytoskeleton
via B-catenin and «-catenin [37]. As shown previously, this junc-
tional stability is maintained by Tiam1-mediated Rac activation
[18,38] and is also dependent on the Arp2/3 complex [39]. Our
finding that targeting of Tiam1 to adherens junctions is dependent
on the presence of the Arp2/3 complex, suggests that Tiaml
and the Arp2/3 complex in concert regulate the cortical actin
polymerization that is required for the formation of stable cell—
cell junctions.

Besides interacting with p21-Arc, Tiam1 has been suggested
to interact with a number of other (scaffold) proteins, including
spinophillin, JIP (c-Jun N-terminal kinase-interacting protein),
PAR-3 (partitioning-defective-3), a PKC (protein kinase C), and
recently IRSp53 [30,40-43]. In general, the interaction of Tiam1
with various scaffold proteins directs Rac signalling towards
specific downstream signalling. For instance, the Tiam1-JIP com-
plex results in increased p38-mediated gene transcription [30].
Interestingly, the scaffold protein, IRSp53, has been found to
form a trimeric complex with WAVE and Racl [16]. IRSp53
might thus interact with the Arp2/3 complex through WAVE
or through Tiam1 [43] making it probable that Tiam1, IRSp53,
WAVE, Rac and the Arp2/3 complex are all part of a larger protein
complex (see Figure 5) which is involved in Rac-controlled
actin polymerization during processes such as the formation of
lamellipodia, membrane ruffles and adherens junctions.
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